We studied the method to gain a clear LSF using a thick aluminum sheet and to acquire the spatial resolution value with a high accuracy for a low spatial resolution imaging modality. In this study, aluminum sheets with thicknesses varying from 0.3 mm to 1.2 mm were tested to derive a modulation transfer function (MTF) for the oversampling and non-oversampling methods. The results were evaluated to verify the feasibility of the use of thick sheets for periodic quality assurance. Oversampling was more accurate than non-oversampling, and an aluminum sheet with a correction factor less than 2 at the cut-off frequency, which was less than 0.8 mm in this case, was confirmed to be suitable for MTF measurements. Therefore, MTF derivation from a thick aluminum sheet with thickness correction is plausible for a medical imaging modality.
Introduction
The spatial resolution of computed tomography (CT) can be quantified by modulation transfer function (MTF), and various methods of its implementation using small beads, edge detection, and oversampling have been developed. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] With these methods, the line spread function (LSF) of a CT scanner is acquired, and an MTF is derived by applying a Fourier transform to the acquired LSF. An oversampling LSF acquisition method using thin aluminum sheets, suggested by Boone, 1) gained popularity because of its high accuracy, and is thus used as a reference method for testing new LSF techniques.
11)
However, studies on sheet thickness for LSF acquisition in varying conditions were insufficient. When Boone originally suggested LSF acquisition using the oversampling method with aluminum sheets, thin (0.05 mm) aluminum foils were commonly used to avoid thickness effects in the resulting LSF images. However, thin sheets might not be clearly imaged for some CT scanners or newer imaging modalities such as CBCT, because of their relatively poor image quality and large pixel size. Furthermore, determination of the slant angle of tilted samples is subjective, depending on the user, so reproducing the same phantom angulations can be challenging.
Therefore, oversampling-based MTF measurement for periodic CT and CBCT quality assurance (QA) programs remains inconvenient and limited.
However, thick sheets can achieve clearer and less noisy LSFs than that of the less thick sheets, and were tested in this study for MTF calculation with a thickness correction in frequency space. Furthermore, a method of acquiring LSFs from parallel non-oversampling as opposed to tilted oversampling was tested for its feasibility as a QA method because of its convenience and a reduction in the uncertainties caused by angulations although the number of data points was limited. In this study, LSFs and corresponding MTFs were derived for aluminum sheets of varying thickness, both for oversampling and non-oversampling methods, and the results were compared to evaluate their accuracy and determine an optimized sheet thickness. Additionally, effects on the resultant MTF from the subjective choice of the angulation were evaluated. Finally, the thicknesses of the slabs holding the sheets as a background material were varied to estimate the effects of beam hardening on MTF calculations.
Materials and Methods

LSF acquisition
LSFs were acquired from images of the aluminum sheets sandwiched by solid water phantoms (Gammex, Middleton, WI), as shown in Fig. 1 In total, 50 LSFs were obtained for both methods, from 50 CT slices at each sheet thickness. 
Thickness corrections
where the variable v represents the spatial-frequency space corresponding to the object space, x. The true LSF of the imaging system, LSFT, is defined as the image of an infinitesimally narrow object. LSFT was convolved with a rectangular function to represent the image acquired from the CT scanner, LSFa, so the relationship between LSFT and LSFa is
where the * symbol represents convolution. By applying the Fourier transform to both sides of equation (2), the left hand side becomes equivalent to equation (1) , while the right hand side becomes
where MTFT represents the true MTF of the overall imaging system: the Fourier transform of LSFT. Therefore, the MTFT, derived from the equation (1), (2), and (3), is
where the correction factor is defined as the term multiplied by MTFa in equation (5), and represents the discrepancy between MTFT and MTFa (reported for varied thickness in Fig. 2). From equation (5), the correction factor becomes infinitely high when the thickness of the sheet L reaches 1/v. Thus, with ; for the 1.2 mm sheet, the correction factor becomes 24.
LSF verification
In order to validate the accuracy of the measured LSF, a point spread function (PSF) verification method suggested by
Ohkubo et al. 13 ) was adopted. A 2D PSF in the scan plane was derived from the 1D LSF, on the assumption that the PSF has rotational symmetry in this plane. 14) The 2D PSF, PSF(x,y), was convolved with the object, Obj(x,y), of known size and material. By definition, this result became the estimated CT image of the object, Img(x,y), as follows:
where ** represents a 2D convolution. In theory, since the derived PSF closely matched the shape of the real PSF of the system, Img(x,y) resembled the real CT image, CTImg(x,y), of
Obj(x,y) if the noise level of the system was acceptably low and consistent. Therefore, the similarity between Img(x,y) and
CTImg(x,y) represents the accuracy of the derived 2D PSF, and the accuracy of the LSF may be evaluated accordingly. In this study, the accuracy of the 2D PSF was quantified by the standard deviation (SD) of the discrepancy between the estimated and real CT images, which was defined as
where i and j represent the pixel indices in the x and y directions, respectively, and thus max(i)×max(j) represent the total number of pixels in the images.
A Teflon cylinder in the Catphan 504 phantom (Phantom Laboratory, Salem, NY) was chosen as the object for this study due to its low noise level and consistency when imaged (BKG) as shown in Fig. 3 ; the standard deviation of the ROI, BKG, and full image were calculated separately.
To quantify the SD for comparison, a normalized SD (NSD) was computed 13, 15) as follows:
where CT1 and CT2 are the constant CT numbers for the Teflon cylinder and the surrounding object (980 HU and 30 HU, respectively).
MTF comparison
Although 
Beam-hardening effect
The low energy X-rays in a polychromatic beam from the CT scanner have shorter path lengths than those of high energy X-rays, so the average energy of the spectrum increases as the beam passes through a material; this phenomenon is called beam hardening. 16, 17) Therefore, the thickness of the background material can alter the degree of the beam-hardening effect, as well as the final image, which may affect the shape of an acquired LSF and MTF. All measurements were performed with one and two solid-water slab pairs sandwiching the aluminum sheet, to see whether the beam-hardening effect by the background material significantly changed the LSF and the MTF.
Angle variations in oversampling method
The angle of the slope for the oversampling method was de- 
Results
Standard deviations of the subtracted images with various 
Sheet thickness
Overall, the variations in NSD were significantly large for sheets thinner than 0.5 mm (Fig. 4 , 5, and 6). NSD tended to increase for sheets thickness beyond 1 mm. In general, SD BKG ( Fig. 5 ) was less dependent on sheet thickness than SD ROI (Fig. 4) .
MTF 50 was not dependent on the sheet thickness for oversampling or non-oversampling, as shown in Fig. 7(a) . MTF 10
and MTF 5 show a correlation up to 0.8 mm but significantly changed beyond 1.0∼1.2 mm thickness.
Oversampling and non-oversampling methods
The oversampling method gave more accurate results in 4(b) and 6(b), with negligible improvement for the background region, (Fig. 5(b) ). When one slab was used, the oversampling method was more accurate than the non-oversampling method for 0.5, 0.6, and 1.2 mm, with insignificant differences for the rest of the sheets in Fig. 4 (a) and 6(a). 
Effect of the angle variations
MTF variations, by the subjective choice of angles for 0.6 mm and 0.4 mm sheets, are shown in Table 1 and 2, respectively. The confidence interval in the tables is 1σ of the measured MTFs. The maximum differences are between the largest and the smallest MTFs among the six angles. For all the reported MTFs, differences due to angular variation were much smaller than the inherent MTF variations from the data.
Discussion
The thin-aluminum-sheet oversampling method is advanta- Ohkubo et al. 13) in similar measurement conditions. Most discrepancies between the measured image and the reconstructed image were from the ROI, especially at the edge of the object, since the NSD of the ROI was significantly larger than the NSD of the background region ( Fig. 4 and 5 ).
The variations in NSD for the oversampling method, for sheets up to 0.5 mm thick, were noticeable because CT images of thinner sheets are more sensitive to noise. For the periodic QA, the long-term consistency of the measured values is necessary for providing alerts to even small changes in a machine, making the usage of thicker sheets advantageous.
However, the correction factor increases rapidly with sheet thickness, as shown in Fig. 2 ; if this factor becomes too high, the noise in the MTF is also amplified by the factor from the equation (5), especially at high frequency. This is shown in 
